Abstract: We present a flexible method for measuring the orbital angular momentum (OAM) of a linearly polarized beam by means of a metasurface composed of a V-shaped gold plasmonic antenna. When a linearly polarized OAM light illuminates the metasurface, the ordinary beam with the same polarization and topological charge transmits forward, whereas another two extraordinary beams with the same topological charge but with cross polarization are tilted with respect to the ordinary beam. The topological charge of the OAM beam can be detected by the near-field interferogram of the two extraordinary beams. The metasurface is effective for detecting OAM transparently in a broadband wavelength and offers the capability of integration with fiber and on-chip devices.
Introduction
Light beams with the spiral phase structure expðil'Þ are known to carry orbital angular momentum (OAM) of l" h (" h is Planck's constant h divided by 2) per photon, where ' is the azimuthal angle, and l is the azimuthal index of the mode, which is also called the topological charge (TC) [1] . Due to the undefined phase on the beam axis, OAM beams have a singularity node here and show a doughnut-like transverse intensity profile [2] . With these unique optical properties, OAM beams have attracted growing attentions and exhibited excellent potential applications in many fields, including micromanipulation [3] , optical microscopy [4] , optical communication [5] , [6] and quantum information science [7] . Inevitably, measuring the topological charge l of OAM beams has become an important and challenging task.
Different schemes have been presented to accomplish this task over the past decade. The simplest one is by using a Mach-Zehnder interferometer and observing the interference between the OAM beam and plane-wave-like reference [8] or its mirror image [9] . Other common methods, such as interference [10] , [11] , diffraction [12] , [13] , and self-homodyne detection [14] , are also used to analyze the phase structure of OAM beams. Besides, Berkhout et al. experimentally demonstrated sorting OAM states by a Cartesian to log-polar optical transformation that transforms the helical phase field into a tilted plane phase field [15] . However, the complex system, which consists of discrete and bulk elements, is set up in most of the previous strategies and suffers from weight, instability and cost.
To overcome these limitations, in this paper we propose a compact and efficient approach to detecting OAM with integrated plasmonic metasurface. The metasurface has the ability to control the beam propagation by introducing abrupt phase changes [16] . When a linearly polarized OAM beam illuminates the specially designed metasurface, the metasurface can not only generate two cross-polarized OAM beams with the same value of TC as the incident, but also separate spatially them from the ordinary co-polarized OAM beam. Consequently, the ordinary OAM beam remains the original TC and continues to transmit forward, and the two extraordinary propagate away from the ordinary and interfere with each other, forming a pattern dependence on the value of TC in the near-field. Moreover, such a flat optical device has the potential to deliver broadband operation and be integrated with fiber [17] and on-chip devices [18] , [19] . Fig. 1(a) shows the schematic view of OAM self-interference by the metasurface. Without loss of generality, we assume that a y -polarized OAM beam is normally incident on the metasurface. In fact, the incident angle is not necessary to be 0° [16] . Then a refracted co-polarized OAM beam propagates away normal to the surface, but the two cross-polarized OAM beams scattered from the metasurface propagate at different angles ð; Þ and ð 0 ; 0 Þ where and 0 are the azimuthal angle, and and 0 are the polar angle in spherical coordinates. The phase distributions of both the x -polarized beams on the surface of the metasurface could be derived as
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where k ¼ 2= is the wave number in vacuum. The sketch map of the metasurface is shown in Fig. 1(b) . It is composed of two sets of arrays, which introduce abrupt phase changes that respectively satisfy the above (1) and (2) and interleave the arrangement, shown in the inset. Each set of arrays is identified by a different background color. Assuming that the input beam is a y -polarized Gaussian vortex beam, which is expressed as [20] U in ðr ; '; zÞ ¼ r w
where ðr ; 'Þ are 2-D polar coordinates corresponding to rectangular coordinates ðx ; y Þ, and w is the waist size of the fundamental Gaussian beam ðl ¼ 0Þ. If the metasurface is located at z ¼ 0, the two transmitted x -polarized beams here can be expressed as
where A is the scattering coefficient. Therefore the diffracted field U d at the position z ¼ z 0 is given as [21] 
where n is an inward unit normal vector perpendicular to the metasurface, and r 0 ¼ ðx À u; y À v ; ÀzÞ is the displacement vector. At a fixed distance where two x -polarized OAM beams are close to each other, U d describes the interferogram of them and reveals the characterizations of the OAM beams. We choose the V-shaped gold plasmonic antennas to construct the desired metasurface, as they have a much broader effective resonance over which the antennas scattering efficiency is large and the phase response is approximately linear [22] . Fig. 2 (a) schematically illustrates sixteen unit cells of the V-shaped gold plasmonic antennas with 70 nm height on the silicon substrate with infinite height, which are supposed to be with equal scattering amplitude and phase coverage over ½À; range at wavelength ¼ 1:55 m. The periodicity is chosen as 300 nm to provide efficient scattering and avoid strong coupling [16] . The top view of a single V-shaped antenna is presented in Fig. 2(b) . L is the length of both the arms and W is the width. The radius R of the circles at the ends is equal to W =2. The orientation along the x -axis and the intersection angle of the antenna is indicated by and , respectively. Then via finitedifference time domain (FDTD) simulations using commercial software (Lumerical FDTD), the optimized values of the unit cells are obtained. For the antennas in the top row, the length of the arms is L ¼ 125, 138, 128, 122, 142, 120, 80, and 75 nm, and the width is kept constant as W ¼ 50 nm. The intersection angle of the antennas is ¼ 20 , 38°, 52°, 70°, 128°, 120°, 100°, and 120°, and the orientation angle is ¼ 45
. The parameters of the antennas in the bottom row are the same as those in the top row, while ¼ À45 . ) shows the amplitude and phase responses of the co-polarized (blue) and crosspolarized (red) components for sixteen antennas in Fig. 2(a) . The amplitude response is normalized with respect to the maximum of the co-polarized beam. We can observe that the amplitude of the cross-polarized component is almost a constant near 0.5. As for the co-polarized, the amplitude curve has a slight fluctuation in an acceptable range. Note that the ratio of amplitudes between the two orthogonal linear polarizations is about 2, which means the majority of energy is still preserved in the co-polarized beam. In addition, the phase response of the crosspolarized component is a linear function with a constant gradient and covers the range from À to , while for the co-polarized component it is relatively invariant.
According to (1) and (2), the reflected beam wavevectors k and k 0 can be decomposed as follows:
Assuming that ¼ À 0 and ¼ 0 , we can easily get k x ¼ k To verify the ability of the antenna array to fully control light, we also simulate the far-field amplitude profiled for two refracted orthogonal polarization beams when a plane wave is incident normally with linear polarization at ¼ 1:55 m. Fig. 3(a) shows the situation for exciting a refracted cross-polarized beam by several specific antenna arrays with different linear interfacial phase gradients. The grayscale variations correspond to different phase shifts provided by each antenna. As expected, the ordinary co-polarized light is refracted along the normal to the surface. Due to the interfacial phase gradients, the refracted angles of crosspolarized light are 9.946°, 19.98°, 29.98°, 40.07°, 49.95°, 59.84°, and 69.73°, which are in good agreement with the designs from 10°to 70°using the generalized law of refraction [16] . The situation for exciting two refracted cross-polarized beams in opposite propagating directions is also simulated, as shown in Fig. 3(b) . Similarly, the refracted angles of crosspolarized light are ±2.863°, ±4.077°, ±5.031°, ±5.962°, and ±7.040°, consistent with the designs from ±3°to ±7°. Note that the co-polarized beam is located at 0°but not shown. The simulated result confirms that cross-polarized light exists in the scattering field. In the meantime, the wavefront of cross-polarized light could be modified successfully by the proper configuration of the designed unit cells. Compared the simulated results with designs, the relative error is less than 1% only when the designed refracted angle varies from 5°to 60°. This is reasonable because larger or smaller refracted angle needs more accurate phase gradients. Therefore, we design our metasurface, which can manage to generate two cross-polarized beams and control them to propagate at ( ¼ 6 
Simulation Results and Analysis
Assume that a y -polarized OAM beam coming from the annular fiber is incident normal to the surface of our metasurface located at z ¼ 0 m. The TC of the incoming OAM is l ¼ 4 and the wavelength is 1550 nm. The whole field of the OAM beam should be smaller than the size of metasurface, so the radius R 0 ¼ w =ð ffiffiffiffiffiffiffi l=2 p Þ of the OAM beam is set to equal 8 m. We calculate the normalized electric field at the plane of z ¼ 50 m through FDTD simulations, as shown in Fig. 4(a) . From the top panel of Fig. 4(a) , one can observe two patterns in the electric profile. One has a doughnut shape with a dark spot in the center located at the origin, while the other is a twisty pattern deviated from the origin. To further characterize of the transmitted light, the x -component and y -component of the electric field are analyzed, respectively. By transmitting the y -component, only the left pattern is left with invariant intensity and the right one disappears as shown in the middle panel of Fig. 4(a) . On the contrary, by transmitting the x -component, the left pattern disappears and only the right one remains as shown in the bottom panel of Fig. 4(a) . It indicates that the x -polarized and y -polarized light scattered from the metasurface propagate in different direction and could be received and detected separately. Fig. 4(b) describes the helical phase distribution of y -polarized light at z ¼ 50 m. The handedness and the 8 phase shifts in one revolution of the azimuthal angle confirm that the ordinary beam is an OAM beam with TC ¼ 4, as same as the input beam. It means that the metasurface can be inserted into a transmission link to detect OAM transparently without blocking. The top panel of the Fig. 4(c) shows the normalized intensity distribution of x -polarized light at z ¼ 50 m with FDTD solution.
To verify whether it is the interferogram of two x -polarized OAMs generated from the metasurface, we also calculate the near-field interferogram between two OAM beams with l ¼ 4, which are located at the origin but in different propagation directions ( ¼ 6 (6) . The interferogram is shown in the bottom panel of the Fig. 4(c) , which accords well with the theory, that is, the metasurface realizes the desired functionality successfully. In addition, the total transmittance of the transmitted light is 41% due to the reflection on the silicon-air interface and intrinsic losses in the plasmonic antennas. According to the ratio of amplitudes between the two orthogonal linear polarizations, as mentioned above, we can infer that y -polarized light with 33% transmittance transmits forward. One can reduce the reflection by adjusting the thickness of the silicon slab to be a Fabry-Pérot resonator and improve the transmittance.
In the following, we further analyze the interferogram of the cross-polarized OAM beams scattered from the designed metasurface when OAM beams with l ¼ 1, 2, 3, 4, 5, and −5 illuminate the metasurface, respectively. The interferograms at z ¼ 50 m are depicted in Fig. 5(a) . The size of all the interferograms is 60 Â 40 m 2 . One can observe that the form of interferograms is dependent on the TC of the incident OAM. In the case at l ¼ 1, there are four bright spots in the interferogram. With the increasing of TC, these spots will be twisted against the center and get weaken. Meanwhile, two inner bright spots, as indicated by a red box in the second interferogram, will emerge and be spatially separated gradually. Moreover, when the sign of the TC changes, the twist direction is opposite so that the interferogram is a mirror symmetry to the original, as shown in the bottom row of Fig. 5(a) . It means that the sign of the TC can be conveniently indicated by the symmetry of the interferogram. We also calculate the spacing of the inner bright spots as the function of the modulus of the TC of the OAM with R 0 ¼ 8 m in the cases of z ¼ 30, 40, 50, 60, and 70 m, as shown in Fig. 5(b) with colorful symbols. Same color solid lines show a nice linear fit to the calculated data. Besides, we consider the influence of the radius R 0 on the spacing of the inner spots, as shown in Fig. 5(c) . We can see that the modulus of the TC still can be distinguished by the spacing of the inner spots when the radius R 0 changes. The measurement has a large radius tolerance because the spacing-TC relationship is discrete. Therefore, the modulus of the TC of the OAM can be simultaneously determined according to the spacing of the inner bright spots. OAM with large modulus of the TC also can be measured with sensitive detector, although the inner bright spots get weaken slowly.
We also evaluate the bandwidth of the presented metasurface. By sweeping the wavelength from 1.52 to 1.6 m in simulation, the amplitude and phase responses of the co-polarized and cross-polarized components for different unit cells in Fig. 2 (a) are shown in Fig. 6(a) . It is clear that there is no obvious difference between different wavelengths which proves its broadband feature. Therefore, when y -polarized plane light at different wavelengths is incident normally to above antenna arrays, the propagating direction of the cross-polarized light can also be control successfully, as shown in Fig. 6(b) , which are the cases for the refracted angle at ±6°and 45°f or ¼ 1550 nm. Note that although the dispersion exists here and the angle of the propagating direction decreases with decreasing wavelength, it can be ignored when the refracted angle is small. As a result, the existence of dispersion just impacts the offset of the interferograms from the origin but does not change the spacing of the inner spots when an OAM beam is incident at different wavelengths. Therefore, the metasurface can be used to measure the TC of OAM with a broad operation spectrum that ranges from 1.52 to 1.6 m.
Based on the above analysis, we can follow three steps to measure the OAM of light. First, we should obtain a linear function d spacing ¼ aðz; Þ Ã jlj, where aðz; Þ is a parameter that depends on the position of the interferogram z and the wavelengh of the incident light , by measuring the spacing of the inner bright spots when different OAM beams with certain l are incident to the metasurface. Second, by measuring the spacing of the inner bright spots when the target OAM beam with unknown l o is incident, the modulus of l o can be derived reversely according to the obtained linear function. Finally, the sign of l o can be conveniently indicated by the symmetry of the interferogram.
Conclusion
In conclusion, we have designed a plasmonic metasurface to measure the TC of the OAM beam by self-interference. When a linearly polarized OAM beam is incident to the metasurface, an identical OAM beam with 33% transmittance is refracted, and two cross-polarized OAM beams with the same value of TC generated by the metasurface are radiated at oblique angles relative to co-polarized refracted light. The near-field interferogram of the cross-polarized OAM beams is dependent on the TC of the OAM. The sign and modulus of the TC are revealed by the symmetry and the spacing of the inner bright spots of the interferogram, respectively. In addition, the bandwidth of the metasurface is over a broad wavelength range from 1.52 to 1.6 m.
Such a metasurface is able to detect OAM transparently without blocking the transmission link and shows great potential to be integrated with fiber and on-chip devices.
